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In Brief
Sensory hair cells, which transduce
sound, cannot be replaced in mammals
but are continuously regenerated in the
zebrafish lateral line. Using live imaging,
Romero-Carvajal et al. show that
quiescence, self-renewal, and
differentiation of fish sensory hair cells
occur in distinct organ compartments,
regulated by localized Notch and Wnt
signaling interactions.
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In vertebrates, mechano-electrical transduction of
sound is accomplishedby sensory hair cells.Whereas
mammalian hair cells are not replaced when lost, in
fish they constantly renew and regenerate after injury.
In vivo tracking and cell fate analyses of all dividing
cells during lateral line hair cell regeneration revealed
that support and hair cell progenitors localize to
distinct tissue compartments. Importantly, we find
that the balancebetween self-renewal anddifferentia-
tion in these compartments is controlled by spatially
restricted Notch signaling and its inhibition of Wnt-
induced proliferation. The ability to simultaneously
study and manipulate individual cell behaviors and
multiple pathways in vivo transforms the lateral line
into a powerful paradigm to mechanistically dissect
sensory organ regeneration. The striking similar-
ities to other vertebrate stem cell compartments
uniquely place zebrafish to help elucidate why mam-
mals possess such low capacity to regenerate hair
cells.
INTRODUCTION
Mammalian adult tissues differ dramatically in their respective
regenerative capacities. Whereas the sensory cells of the olfac-
tory epithelium and taste buds regenerate readily, the sensory
hair cells of the mature inner ear cannot (Cox et al., 2014).
Because sensory hair cells are crucial for hearing, their loss in
mammals due to noise exposure, aging, chemotherapeutic
drugs, or antibiotics results in permanent loss (Furness, 2015).
In contrast, the hair cells of the inner ear and lateral line (LL) sys-
tem of non-mammalian vertebrates regenerate throughout the
life of these animals (Rubel et al., 2013). The cellular and molec-
ular basis of such striking difference between mammalian and
non-mammalian vertebrates remains poorly understood. For
instance, chicken and amphibian hair cells regenerate from
dividing or transdifferentiating support cells (SC; Balak et al.,
1990; Corwin and Cotanche, 1988; Jones and Corwin, 1996);
whereas fish LL hair cells regenerate from mitotic SCs (LushDevelopand Piotrowski, 2014b; Ma et al., 2008; Wibowo et al., 2011; Wil-
liams and Holder, 2000). Nevertheless, the location and regula-
tion of the stem cells and progeny suspected to be involved
in hair cell regeneration have yet to be fully characterized in
any of the regenerating species. Likewise, our understanding
of the molecular mechanisms controlling SC behavior is limited.
Here we take advantage of the superficially located and experi-
mentally accessible zebrafish sensory LL system to study the
cell behaviors and signaling events that lead to newly formed
hair cells.
The LL system of aquatic vertebrates serves to detect water
motion. The sensory organs are called neuromasts (NMs) and
are distributed along lines over the body of the animal (Metcalfe
et al., 1985; Northcutt et al., 1994). Each NM consists of mecha-
nosensory hair cells that are surrounded by SCs and a ring of
peripheral mantle cells (MCs; Figures 1A–1D). LL hair cells are
homologous to inner ear hair cells, and mutations affecting LL
hair cell function cause deafness in humans (Nicolson, 2005;
Whitfield, 2002). Previous studies of zebrafish LL regeneration
described Notch-regulated proliferation patterns and localized
quiescence in regenerating NMs; however, only differentiating
divisions were described (Cruz et al., 2015; Ma et al., 2008; Wi-
bowo et al., 2011). RNA-Seq analysis of regenerating NMs
demonstrated that downregulation of Notch signaling is one of
the earliest responses to hair cell death and therefore likely plays
a crucial role in initiating regeneration (Jiang et al., 2014).
In neonatal mice, downregulation of Notch signaling also in-
duces SC proliferation, whereas in adults it leads to more hair
cells via transdifferentiation (Mizutari et al., 2013). Similarly, ca-
nonical Wnt signaling activates proliferation of SCs and causes
an increase in hair cells in neonatal mice, but has no effect in
adult animals (Shi et al., 2013). In regenerating chicken and ze-
brafish sensory epithelia, Wnt signaling increases proliferation
and a modest increase in hair cell numbers (Head et al., 2013;
Jacques et al., 2014). However, the interactions between Notch
and Wnt signaling and their effect on distinct SC fates have not
been tested in regenerating species.
Because SCs look morphologically identical, we aimed to
characterize NM cell populations by single cell lineage analyses.
Manual tracking of every mantle and SC, combined with spatial
analysis of proliferating cells provides a potent and unbiased
approach to distinguish lineages. We find that peripheral MCs
are a quiescent cell population that only re-enters the cell cycle
after severe injury to the sensory organs. We also discoveredmental Cell 34, 267–282, August 10, 2015 ª2015 Elsevier Inc. 267
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Figure 1. Support Cells Are Multipotent Progenitors
(A and B) (A) Horizontal and (B) lateral views of a neuromast (NM).
(C–H) Quadruple transgenic larvae express the mantle cell (MC) marker sqet20 (F, green), the hair cell (HC) marker sqet4 (G, cytoplasmic green), the cell
membrane marker cldnb:lynGFP (G), and the nuclear maker cldnb:H2A-mCherry (H).
(legend continued on next page)
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that during homeostasis and regeneration SCsmake lineage de-
cisions according to their location in the NM. This phenomenon
is reminiscent of stem cell behaviors in the intestine and hair
follicle where stem cell fate is determined by the location of the
cells within the niche (Ritsma et al., 2014; Rompolas et al.,
2013). Our results show that SCs self-renew in the dorso-ventral
(D-V) poles, differentiate in the center, and are relatively quies-
cent in the antero-posterior (A-P) poles. Importantly, the balance
between self-renewal and differentiation is controlled by spatially
restricted Notch signaling and its inhibition of Wnt-induced
proliferation.
RESULTS
Time-Lapse and Fate Analyses Define Dynamics of Cell
Division and Differentiation in Homeostatic and
Regenerating NMs
DyingLLhair cells are replacedbysurroundingSCs throughout life
(Cruzet al., 2015). Todetermine ifNMspossessadistinct stemcell
population, we performed time-lapse analyses of homeostatic
and regenerating NMs and recorded the fate of each dividing
cell. We generated fish expressing four transgenes (Figures 1C–
1H). Et(krt4:EGFP)sqet20 or sqet20 labels MCs. Tg(cldnb:lynGFP)
labels all LL cell membranes. Tg(atp2b1a-GFP) or sqet4 labels
hair cells and theirprogenitors, andTg(cldnb:H2A-mCherry) labels
all nuclei.
We tracked cell lineages in 70-hr time-lapse recordings of
5 days post-fertilization (dpf) control NMs during homeostasis
(n = 4; Figures 1I, 1J, and S1B–S1E; Movie S1) and regeneration
(n = 3; Figures 1K, 1L, and S1F–S1H; Movie S2). We determined
the average number of cell types during regeneration in the first
trunk NM (L1) at 0, 24, 48, and 72 hr after hair cell loss (Fig-
ure S1A). In a homeostatic NM, we observed three SC divisions
(Movie S1; Figures 1I and 1J; cell divisions [CD] CD1–3) that we
attribute to physiological hair cell turnover (Figure S1A, black,
dotted line). The first two progenitors divided symmetrically
and produced two SCs each (CD1, CD2), while the third SC
(CD3) divided and the daughter cells differentiated into two
GFP-positive hair cells (Figure 1J; Movie S1). The results of three
other movies are described in Figures S1C–S1E.
To induce hair cell regeneration, we immersed larvae in the
antibiotic neomycin (neo). Complete regeneration occurs after
72 hr (Figure S1A, solid green line; Ma et al., 2008). Time-lapse
imaging revealed that hair cell death significantly increases the
number of mitoses (Figures 1K, 1L, and S1F–S1H; Movie S2B).(I) Still images of a time-lapse of a homeostatic NM (Movie S1). Split images sh
Time = hours: minutes.
(J) Lineage analysis of the mitotic events in (I) and Movie S1.
(K) Time-lapse of a regenerating NM (Movie S2B). CD1 is shown in Movie S2C.
(L) Lineage analysis in a regenerating NM (Figure 1K; Movie S2).
(M) SCs self-renew or differentiate into two hair cells: Quantification of lineages o
(N) Proliferation dynamics during regeneration. Amplifying divisions occur first (p
(O) Proliferating cells and their progeny do not actively move in a regenerating NM
differentiation, blue: MC divisions (Movie S3). mCherry nuclei are in gray.
(P) Vectors show directions and distances of cell displacement before mitosis (m
S1H). Central HC progenitors are not displaced.
(Q) Vectors show cell displacements of one of the daughter SCs back to their or
Scale bars represent 10 mm.
See also Figure S1; Movies S1, S2, and S3.
DevelopTracking all cell divisions and daughter cells in three regenerat-
ing NMs over 70 hr revealed that SCs are a mixture of self-
renewing multipotent stem cells and progenitor cells that give
rise to hair cells (Figures 1L and 1M). Forty-two percent of
the observed cells divided and produced two undifferentiated
SCs (amplifying cell divisions; Figure 1L, CD2, CD4, CD6; Fig-
ures S1F–S1H). This amplifying response led within 24 hr to a
significant increase in SC numbers that slowly returned to con-
trol levels by 72 hr, while other SCs continued to differentiate
into hair cells (Figures 1N and S1A, red lines). Forty-five percent
of SCs produced two hair cells (differentiating cell division; Fig-
ure 1L, CD3, CD5, CD8, CD9; Figures S1F–S1H). Ten percent
of the dividing SCs first gave rise to two SCs with one of the
daughter cells dividing a second time to give rise to two hair
cells (Figures 1L and 1M, CD1; Figure S1G, CD10, CD11; Movie
S2C). Therefore, SCs derived from symmetric, amplifying divi-
sions have the potential to differentiate. MCs, on the other
hand, rarely divided (Figure 1L, CD7; Figure 1M; Figure S1A,
blue lines). These results show that SCs are the most likely
source of stem cells, whereas MCs are unlikely to contribute
to hair cell regeneration.
Our time-lapse recordings of regenerating NMs show that
mitotic and quiescent cells maintain their relative positions and
are not actively migrating during regeneration (Figure 1O and
Movie S3). Neither amplifying, nor differentiating SCs were dis-
placed by more than one cell diameter (five pixels; Figure S1I).
When we analyzed the direction of cell movements before divi-
sion, we observed that cells are displaced toward the center
(Figure 1P). The displacement is caused by the apical movement
of dividing cells. After division, cells move back down to their
original position (Figure 1Q).
Our time-lapse recordings show that all cell divisions are sym-
metric, with approximately half of the daughters undergoing
self-renewal or amplification, and the other half differentiating
into hair cells. Our analyses define five cell behaviors during
both homeostasis and regeneration: (1) differentiating cell divi-
sions, (2) amplifying cell divisions, (3) SCs that divide a second
time and generate two hair cells, (4) SC quiescence, and (5)
MC quiescence.
Support Cell Lineages Are Restricted to Different
Compartments
Given the limited cell movement, we tested whether SC behav-
iors are spatially confined within the NMs. Time-lapse analyses
suggested that cells in the poles self-renew, whereas cells inow different focal planes. Numbers in NMs label the progenitors shown in (J).
f three time-lapse movies of regenerating NMs from Figures S1F–S1H.
< 0.0001, Fisher’s exact test).
. Lineages from Figure 1L are color-coded: red: amplifying cell divisions, green:
etaphase) for every cell division recorded during the first 24 hr in Figures S1F–
iginal positions. Displacements for P and Q are quantified in Figure S1I.
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Figure 2. Support Cell Amplification Is Restricted to Polar Compartments during Homeostasis and Regeneration
(A and D) 24-hr BrdU incorporation in primI-derived NMs during homeostasis and regeneration. Scale bar represents 10 mm.
(B and E) Amplifying cell divisions are clustered in the D-V compartments of NMs. BrdU plots show the positions of BrdU+ nuclei of 18 NMs superimposed on the
same XY plane. Red squares indicate amplifying divisions; green diamonds indicate BrdU+ cells that differentiated into sqet4+ hair cells. Blue crosses indicate
quiescent mantle cells. Axes are in pixels.
(B0, B0 0, E0, and E0 0 ) Rose diagrams for the angular position of BrdU+ SCs (red), BrdU+ HC (green). Bipolar clustering (D-V) and directional bias to the posterior (red
arrow) were statistically analyzed using the binomial test (***p < 0.001).
(C and F) Number and location of progenitors that divide within 24 hr.
(G–J)wnt2 and deltaa are expressed in poles. Arrowheads label primI-derived NMs. Asterisks label primII-derived NMs. Dashed lines outline NMs. Scale bar in (G)
represents 100 mm; in (H), it represents 60 mm.
(K and K0) EGFP driven by the Notch reporter Tg(Tp1bglob:eGFP) occurs in central cells beneath the red HCs labeled with Tg(atoh1a:dTomato). The Atoh1a
reporter is mosaic, leaving some hair cells unlabeled. (K0) Orthogonal view of (K). Scale bar represents 10 mm.
(L and L0) Superimposed EGFP+ Notch reporter cells of 15 NMs (blue squares) are biased toward the anterior side of the NM. (See rose diagram.)
(M) In situ hybridization of egfp mRNA in Tg(Tp1bglob:eGFP). Scale bar represents 10 mm.
See also Figure S2.the center differentiate into hair cells (Figures S1J–S1J0 0). To
confirm this observation, we performed 24-hr bromodeoxyuri-
dine (BrdU) incorporation experiments in sqet4;sqet20 homeo-
static and regenerating larvae (Figures 2A and 2D). We plotted
the location of BrdU+;GFP+ hair cells (Figures 2B and 2E,
differentiating cell divisions, green diamonds), BrdU+;GFP
SCs (amplifying cell divisions; red squares), and quiescent
sqet20+ MCs (blue crosses). In homeostatic NMs, amplifying
cell divisions cluster in the D-V poles (Figure 2B0). Differentiating
divisions occur randomly in a circle and are not clustered (Fig-
ure 2B0 0). Quiescent SCs are located in the center and A-P poles270 Developmental Cell 34, 267–282, August 10, 2015 ª2015 Elsevieof the NMs (unlabeled, white areas in Figure 2B). Within 24 hr,
one SC divides per pole to produce two SCs (amplifying divi-
sion), while one central SC gives rise to two hair cells (differenti-
ating division, Figure 2C).
During regeneration, amplifying cell divisions increase but
maintain their compartmentalized distribution in the D-V poles
(Figures 2E, 2E0, and S2A). Differentiating divisions also increase
but remain randomly distributed (Figures 2E–2E0 0 and S2A). In
addition, differentiating divisions occur in previously quiescent,
central SCs located immediately beneath the dying hair cells
(Figure 2E). Interestingly, amplifying divisions occur almostr Inc.
exclusively adjacent to MCs, whereas differentiating divisions
occur toward the center (Figures S2B–S2G).
To test if these localized cell behaviors correlate with hair
cell orientation, we studied NMs with a different developmental
origin and epithelial planar cell polarity that is offset by 90
(primII-derived NMs; Figures 2A–2F and S2H–S2M; Lo´pez-
Schier et al., 2004). We observed that amplifying SC divisions
in primII-derived NMs are restricted to the A-P poles (Figures
S2I, S2I0, S2L, and S2L0; A-P), mirroring the polar bias of ampli-
fying cell divisions in primI-derived NMs.
We conclude from the consistent spatial restriction of cell lin-
eages uncovered that attendant and similarly restricted molecu-
lar cues must exist to induce amplifying SC divisions in the poles
and hair cell differentiating divisions closer to the center.
Notch and Wnt Pathway Members Are Expressed in
Complementary Compartments during Homeostasis
Notch andWnt signaling control progenitor cell behavior and hair
cell numbers in the LL (Head et al., 2013; Jacques et al., 2014;
Ma et al., 2008; Wibowo et al., 2011). We discovered that mem-
bers of these two signaling pathways are expressed in different
NM compartments.wnt2 and the Notch ligand deltaa show clear
restrictions to the D-V or A-P poles in primI- and primII-derived
NMs, respectively (Figures 2G–2J). deltab, deltac, and deltad
and the hair cell precursor marker atoh1a are expressed in single
cells resembling the localization of differentiating hair cells (Ma
et al., 2008). On the other hand, the ligand jagged2b is expressed
broadly in the NM center (Figures 3A1–3A5). Notch receptors
also show heterogeneous expression patterns. notch3 is ex-
pressed in most SCs with weaker expression in the D-V poles
(Wibowo et al., 2011). notch1a is expressed robustly in all SCs,
whereas notch1b is expressed only in a few cells (Figures 3A6–
3A8). In contrast, the Wnt inhibitor dkk2 and the Notch target
gene her4 are restricted to central SCs beneath hair cells (Fig-
ures 3B–3C0 0 0).
The heterogeneous expression patterns of notch receptors
and ligands suggest that different combinations may regulate
progenitor proliferation or cell fate determination (Alunni et al.,
2013; Okigawa et al., 2014). To determine in which cells Notch
signaling is active, we analyzed the expression pattern of the
Notch reporter Tg(Tp1bglob:eEGFP) crossed with Tg(atoh1a:
dTomato) that labels hair cells. The Notch reporter expresses
GFP in central SCs beneath the hair cells (Figures 2K and 2K0),
but is significantly biased toward the anterior poles of the NMs
(Figures 2L and 2L0, blue dots). Likewise, mRNA expression of
the Notch reporter is shifted toward the anterior pole (Figure 2M).
This bias in gene expression possibly corresponds to the slight
bias of amplifying divisions toward the posterior poles in homeo-
static and regenerating control NMs (Figures 2B0 and 2E0; Cruz
et al., 2015), suggesting that Notch signaling keeps SCs quies-
cent across the central region and in the anterior pole.
Even though wnt2 is strongly expressed in homeostatic NMs,
we did not detect expression of the Wnt reporter Tg(6xTcf/
LefBS-miniP:d2EGFP) or the Wnt target wnt10a (Lush and Pio-
trowski, 2014a) in the poles (Figures 3D1–3D3). However,
wnt10a is transiently upregulated in central SCs during regener-
ation, correlating with the downregulation of the Notch reporter
(Figures 3E1–3F4). In contrast, the Wnt reporter is activated in
only a few central cells during regeneration, suggesting thatDevelopthe reporter requires high levels of Wnt signaling for activation
(Figures 3F1–3I1; Head et al., 2013). The inhibition of wnt10a
and the Wnt reporter during homeostasis is likely due to co-
expression of the Wnt inhibitor dkk2 (Figures 3J7–3J10; Jiang
et al., 2014;Wada et al., 2013b). The compartmentalized expres-
sion of Notch and Wnt pathway members and their expression
changes during regeneration suggest that theymight be involved
in controlling proliferation and differentiation in distinct regions of
homeostatic and regenerating NMs.
Inhibition of Notch Signaling Mimics Expression
Changes Observed during Regeneration
To test if the Notch andWnt pathways regulate each other, we in-
hibited Notch signaling using the g-secretase inhibitor LY411575,
referred to as ‘‘LY’’ (Mizutari et al., 2013). BecauseNotch signaling
exhibits dose-dependent effects, we treated larvae with 10 and
50 mM of LY (Chapouton et al., 2010; Ninov et al., 2012).
We first tested the effects on the transcription of Notch and
Wnt pathway genes (Figures 3J–3L). Both doses of LY inhibit
expression of the Notch reporter and the Notch target gene
her4 and lead to the upregulation of deltad and atoh1a, which
are normally inhibited by Notch signaling (Figures 3K1–3K5
and 3L1–3L5; Itoh and Chitnis, 2001). In homeostatic NMs, the
cyclin-dependent kinase inhibitor cdkn1bb (p27) is expressed
in a central region similar to where Notch signaling is active (Fig-
ure 3J6). In mammals, Cdkn1b keeps SCs quiescent (Chen et al.,
2003). cdkn1bb is only downregulated by the high dose of LY
(Figure 3L6). Likewise, the Wnt targets wnt2 and wnt10a are
only upregulated after treatment with 50 mM LY (Figures 3L8–
3L10), correlating with loss of the Notch target and Wnt inhibitor
dkk2 (Figure 3L7).
The expression changes induced by a 16-hr exposure to
50 mM LY closely mimic changes during the first few hours after
hair cell death (Figures 3L and 3M; Jiang et al., 2014). Three
hours after neoexposure, Notch pathway genes are downregu-
lated and deltaa, deltad, and atoh1a are upregulated (Figures
3M1–3M5). In contrast,wnt2 and wnt10a are transiently upregu-
lated in the center of the NM, correlating with the downregulation
of dkk2 (Figures 3M7–3M10). cdkn1bb is also transiently down-
regulated but its expression recovers by 16 hr after hair cell
death (Figures 3M6 and 3N6). A 16-hr treatment with 50 mM LY
also leads to gene expression changes that are not observed 3
or 16 hr after neo treatment, such as a complete loss of the
Notch reporter and her4 and upregulation of Wnt target genes
(Figure 3L). These differences are likely due to the sustained
downregulation of Notch after LY treatment, whereas Notch is
reactivated 5 hr after neo treatment (Figure 3G4).
We conclude from these data that Notch inhibits Wnt signaling
in a dose-dependent manner and that the expression changes
observed during the first hours of regeneration can largely be
attributed to the transient downregulation of Notch signaling.
This interpretation is supported by the finding that the expression
changes 3 hr after neo are very similar to the expression changes
after 3 hr neo and LY (Figures 3M and 3O).
Notch Inhibits Proliferation and Differentiation through
Different Mechanisms
To quantify the effect of Notch downregulation on proliferation
and differentiation, we performed 24-hr BrdU experiments onmental Cell 34, 267–282, August 10, 2015 ª2015 Elsevier Inc. 271
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Figure 3. Downregulation of Notch Mimics Expression Changes during Regeneration
(A) Notch ligand and receptor expression in 5 dpf neuromasts.
(B and C) dkk2 and her4 are expressed in SCs below HCs as shown by confocal imaging of the in situ hybridization signal. (B) and (B0 ), (C) and (C0) are different
focal planes. (B0 0) and (B0 0 0), (C0 0), and (C0 0 0) are orthogonal views. White arrows point at hair cells.
(D–I) Time course of mRNA expression of the Wnt reporter Tg(6xTcf/LefBS-miniP:d2EGFP), the Wnt targets wnt10a and wnt2, and the Notch reporter
Tg(Tp1bglob:EGFP) at different time points after neomycin treatment. Notch is downregulated first, followed by the activation of Wnt signaling. (Row 1) The Wnt
reporter is activated in a few cells 3–10 hr after hair cell death. (Row 2)wnt10a is inactive in control neuromasts but is activated 3–8 hr after hair cell death. (Row 3)
wnt2 is present in the poles of homeostatic neuromasts and is upregulated 3 hr after HC death. (Row 4) mRNA of the Notch reporter shows that Notch
downregulation occurs 1–3 hr after hair cell death.
(J–O) Notch inhibition with LY411575 mimics expression changes observed during the first 16 hr of regeneration. Larvae were pre-treated with LY or DMSO for
6 hr before starting the time course (Figures 4A and 4F). (J and K) Lower doses of LY (10 mM) downregulate the Notch target her4 (K2) and the Notch reporter
mRNA (K1), the cell-cycle inhibitor cdkn1bb (K6), and the Wnt inhibitor dkk2 (K7). In addition, 10 mM LY activates the hair cell differentiation markers deltad (K4)
and atoh1a (K5) and the polar marker delta (K3). (L) After 50 mM LY, dkk2 is absent (L7) andwnt2 and wnt10a are activated (L8–L10). (M and N) deltaa (M3), deltad
(M4), and atoh1a (M5) are upregulated after HC death. The Notch reporter (N1), her4 (N2), wnt2 (N9), wnt10a (N10), and cdkn1bb (N7) show that Notch down-
regulation is transient and is reactivated 16 hr after HC death. (O) Notch downregulation during regeneration mimics changes in expression during regeneration.
Larvae were pre-treated 6 hr in 50 mM LY before neo.LY-treated larvae (Figures 4A and 4F). Downregulation of
Notch signaling with 10 and 50 mM LY doses has no significant
effect on the total proliferation rate during homeostasis (Figures
4B–4E and 4K, TOTAL; Ma et al., 2008). However, the polar
distribution of amplifying divisions is disrupted (Figures 4B–4B0 0
and 4D–4D0 0).272 Developmental Cell 34, 267–282, August 10, 2015 ª2015 ElsevieDuring regeneration, the two doses of LY have different effects
on total proliferation. A dose of 10 mM LY does not increase the
proliferation rate above the level of regenerating control NMs (Fig-
ures4Gand4L),whereas50mMincreases total proliferation2-fold
(Figures 4I and 4L). On the other hand, treatment with both doses
of LY during regeneration causes loss of the D-V compartmentsr Inc.
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Figure 4. Notch Inhibits Proliferation and Differentiation in a Dose-Dependent Manner
(A and F) sqet4;sqet20 larvae were treated for 30 hr with the g-secretase inhibitor LY411575 (LY). After 6 hr in drug, BrdU was added for 24 hr. DMSO-treated
controls are shown in Figures 2B and 2E.
(B–E) Notch inhibition disrupts the proliferative compartments. After 10 mM LY, amplifying cell divisions are no longer clustered in the D-V poles.
(G–J) During regeneration, Notch inhibition enhances differentiating divisions in the central region of the NM and in the normally quiescent anterior and posterior
compartments.
(legend continued on next page)
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and an increase in differentiation at the expense of amplifying di-
visions (Figures 4G–4J). Thus, upon Notch downregulation, the
majority of proliferating SCs differentiate into hair cells (Ma et al.,
2008; Wibowo et al., 2011). These experiments show that Notch
maintains NM size and the progenitor pool by inhibiting prolifera-
tion and differentiation during homeostasis. During regeneration,
Notch is transiently downregulated, which triggers proliferation
and differentiation (Figure 3, row 4). The finding that a low dose
of the Notch inhibitor has no effect on total proliferation but pro-
motes differentiation demonstrates that Notch signaling inhibits
these two processes via independent mechanisms.
Notch Signaling Inhibits Proliferation via Inhibition of
Wnt and via a Wnt-Independent Mechanism
Wnt signaling induces proliferation in LL NMs (Head et al., 2013;
Jacques et al., 2014). We confirmed this finding by treating NMs
with the GSK3b inhibitor 1-Azakenpaullone (AZK) (Figures 5A
and S3A). During homeostasis and regeneration, AZK treatment
significantly increases the BrdU index (Figures 5B, 5C, 5J, S3B,
S3C, and S3J). We inhibited Wnt signaling with hs:dkk2, which
blocks the binding of Wnt ligands to their Lrp co-receptor, and
we observed a significant decrease in proliferation (Figures 5F,
5G, 5K, S3F, S3G, and S3K). Thus, Notch and Wnt signaling
exert opposite effects on SC proliferation.
The finding that Wnt pathway genes are upregulated after
downregulation of Notch suggests that Notch inhibits Wnt
signaling via dkk2 induction (Figures 3L7–3L10 and 6B6–6B9).
To determine if the increase in proliferation after Notch inhibition
during regeneration is due to upregulation of Wnt signaling, we
performed epistasis experiments and treated hs:dkk2 larvae
with 50 mM LY (Figures 5H, 5I, and 5K). Indeed, the LY-induced
increase in total proliferation is reduced to below normal levels,
indicating that the majority of extra hair cells formed after
LY treatment are likely due to an increase in Wnt signaling.
This conclusion is supported by AZK-induced Wnt activation
in myc-tagged hs:nicd larvae, in which the Notch pathway is
constitutively active. hs:nicd induction causes a reduction in
SC proliferation that is reverted by simultaneous activation of
Wnt with AZK (Figures 5D, 5E, 5J, S3D, S3E, and S3J).
Notch signaling also inhibits some degree of proliferation inde-
pendently of Wnt signaling, as in LY-treated hs:dkk2 larvae cell
proliferation is not as severely reduced as in hs:dkk2 larvae (Fig-
ures 5I and 5K). Likewise, in the presence of NICD, AZK-induced
proliferation is lower than if treated with AZK alone, implying that
Notch signaling also inhibits other proliferative signals (Figures
5E and 5J).
We also tested the effects of Notch andWnt on the expression
of the cell-cycle inhibitor cdkn1bb. A dose of 50 mM LY downre-
gulates cdkn1bb (Figures 3L6, 6A5, 6B5, 6D5, and 6F5) and
Notch activation by hs:nicd enhances cdkn1bb expression (Fig-
ures 6G5 and 6H5). However, LY does not inhibit cdkn1bb
completely and possibly other signals control its expression. In
contrast, AZK or hs:dkk2 do not affect cdkn1bb expression,
showing that cdkn1bb expression is notWnt-dependent (Figures(K) Notch inhibition does not affect proliferation rates (BrdU index) during homeo
(L) During regeneration, 10 mMLY does not affect total proliferation rates but induc
induces hyperproliferation and an increase in differentiation.
Error bars show the 95% confidence interval.
274 Developmental Cell 34, 267–282, August 10, 2015 ª2015 Elsevie6B5, 6C5, 6E5, 6F5, and 6H5). Together with the BrdU analyses,
these data suggest that Notch signaling inhibits proliferation
both in a Wnt-dependent fashion via the induction of dkk2 and
independently of Wnt, possibly via the induction of cdkn1bb.
Wnt and Notch Signaling Control Proliferation in
Overlapping and Distinct Compartments
AZK treatment specifically increases amplifying divisions in the
poles and in other quiescent SCs without affecting differentiation
in the center (Figures 6I, 6J, 6N, 6O, 6M, and 6R). Hence, we hy-
pothesized that central differentiating divisions are not affected
by AZK, because Notch signaling is still present (Figure 6C).
Indeed, Notch inhibition in AZK-treated larvae induces central
cell amplification (Figures 6K, 6L, 6P, and 6Q). In contrast, loss
of Wnt signaling significantly reduces amplifying divisions in
the poles, periphery, and center of the NMs (Figures 5F–5I
and S3F–S3I). Importantly, Notch inhibition in hs:dkk2 NMs
only induces differentiating divisions in the center (Figures 5I
and S3I). Combined, these analyses support the notion that
Notch inhibits proliferation and differentiation in the center of
the NMs independently of Wnt signaling, putatively via activation
of cdkn1bb (Figure 6C5).
Even thoughwnt2 is expressed in thepoles (Figures2Gand2H),
the Wnt reporter, when activated, is expressed only in central
cells. We did not detect polar Wnt reporter expression during
regeneration or after AZK treatment (Figures 3D1–3I4 and 6A7–
6H7). Still, Wnt signaling has a clear activating effect on prolifera-
tion of the polar cells (Figure 6J). Therefore, we postulate that dur-
ing regeneration, Notch downregulation in center cells activates
Wnt signaling cell autonomously, which then non-cell autono-
mously upregulates proliferation in the periphery via an unknown
mechanism. The role wnt2 plays in SC behavior is unknown.
Wnt Does Not Affect Hair Cell Differentiation during Hair
Cell Regeneration
Notch signaling inhibits hair cell differentiation via atoh1a inhibition
(Itoh and Chitnis, 2001). However, Wnt is required for hair cell dif-
ferentiation in thedevelopingmouse inner ear becausedownregu-
lation of b-Catenin causes loss of Atoh1-positive cells (Jacques
et al., 2012, 2014; Shi et al., 2012, 2014). We therefore asked if
Wnt signaling upregulates atoh1a expression in mature NMs.
However, atoh1a is only upregulated after Notch downregulation
(Figures 3K5–3L5, 6B4, 6D4, and 6F4) and atoh1a is not affected
by either AZK-induced Wnt activation or hs:dkk2 induction (Fig-
ures 6C4, 6E4, and 6H4). In addition, differentiation is not
enhanced in the poles after AZK treatment (Figures 6J and 6O).
Only 72-hr treatments with AZK modestly increase the number
of hair cells, whereas most dividing cells remain SCs (Figures
S4A–S4C; Head et al., 2013; Jacques et al., 2014). Therefore,
AZK leads to a proportional increase of hair cell numbers because
more SCs divide. Either Wnt signaling interacts with atoh1a only
during NM development, or the disparate findings in mouse and
zebrafish reflect species-specific differences. Future experiments
are needed to identify the signal(s) that activate atoh1a and drivestasis.
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differentiation in mature NMs. Our results show that in NMs Wnt
signaling activates SC amplification, but is not sufficient to induce
hair cell differentiation,which is inducedbyNotchdownregulation.
Mantle Cells Can Re-enter the Cell Cycle
MCs do not respond to neo-induced hair cell death (Figures 4L,
7A, 7B, 7D, and 7F). However, MCs serve as stem cells for
restoring NMs on regenerating tail tips (Dufourcq et al., 2006;
Jones and Corwin, 1993). Hence, we tested if loss of SCs, in
addition to hair cells would trigger MC proliferation. We depleted
the SC pool by inhibiting Notch during regeneration to convert
more SCs into hair cells, followed by a second dose of neo (Fig-
ures 7A and S5I). Indeed, 6 hr after the second neo treatment,
NMs collapse and mainly consist of GFP+ MCs (Figures S5D–
S5F0). NMs regain some of their shape by 10 hr, but the number
of MCs is reduced, demonstrating that MCs were also killed (Fig-
ures 7H, S5D, and S5D0). By 24 hr, theMCnumber has recovered
(Figures 7H, S5F, and S5F0).
BrdU incorporation between 0 and 10 hr after the second neo
treatment shows an increase in the BrdU index of GFP+MCs that
further increases between 10 and 24hr (Figures 7E and 7I).
Because the MC population recovers 24 hr after the second
neo treatment, we also performed BrdU incorporation experi-
ments between 24 and 36 hr. The BrdU index of MCs is still
significantly increased, suggesting that MCs divide, possibly to
restore the SC population (Figures 7G and 7I). The cell-cycle
re-entry of MCs also correlates with the disappearance of
mKO2 fluorescence in Tg(cldnb:mKO2-zCdt1); sqet20 larvae
(Figures 7J–7O). mKO2-zCdt1 labels quiescent cells in the G1
phase of the cell cycle (Sugiyama et al., 2009) and is highly ex-
pressed in MCs (Figures 7L–7O).
Because we experimentally transformed most SCs into hair
cells using LY (Figures S5G–S5I), we wondered whether Notch
downregulation was sufficient to activate MC proliferation. How-
ever, LY treatment does not cause a significant change in MC
proliferation (Figures 4K and 4L). It remains to be demonstrated
if MCs are stem cells and can differentiate into hair cells.
DISCUSSION
In species that regenerate hair cells, SCs self-renew and give rise
to new hair cells or they transdifferentiate into hair cells. In mam-
mals, this ability is lost after birth, leading to the hypothesis thatFigure 5. Notch Signaling Inhibits Proliferation via Wnt Inhibition a
Regeneration
(A) Heat-shock protocol to experimentally induce hs:nicd or hs:dkk2 expression in
HC ablation to activate expression of the tagged reporter (c-Myc-tag or RFP res
(B–E) BrdU plots for primI-derived regenerating NMs in sibling, Wnt-activate
Tg(hsp70l:Gal4); Tg(UAS:myc-Notch1a-intra) transgenic larvae, referred to as (hs:
(hs) siblings, amplifying cell divisions occur in the D-V poles and differentiating div
(D) Notch activation in hs:nicd larvae disrupts the proliferative compartments an
restores the clustering of SC amplification and proliferation rates.
(F and G) BrdU plots for primI-derived regenerating NMs in sibling (F) or Wnt-inhib
inhibition in hs:dkk2 larvae depletes amplifying cell divisions and reduces differe
(H) Notch inhibition disrupts polar compartments but maintains amplifying divisio
(I) Combined Notch and Wnt inhibition (hs:dkk2 + LY) depletes amplifying divisio
(J and K) BrdU indexes of amplifying, differentiating, and total divisions after individ
represents 95% confidence interval.
See also Figure S3.
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2014; Warchol, 2011). Yet, even in regenerating species, SCs
are not well characterized due to a dearth of molecular markers
and the lack of distinct cytological characteristics. It is still un-
known if SCs consist of different populations and which among
them act as self-renewing stem cells (Groves, 2010; Ronaghi
et al., 2012). To overcome these limitations, we tracked cell
behavior in vivo and in real time. Previous studies observed
that SCs give rise to two hair cells without assessing amplifying
divisions or MCs (Lo´pez-Schier and Hudspeth, 2006; Ma et al.,
2008; Wibowo et al., 2011). In adult zebrafish, anterior and pos-
terior NM cells are label retaining and SCs divide more often in
the D-V poles (Cruz et al., 2015). However, the identity and po-
tency of the proliferating cells and the molecular underpinnings
of their behavior could not be addressed in these studies.
Self-Renewal and Differentiation Occur in Distinct
Compartments and Are Regulated by Notch/Wnt
Interactions
Our analyses of regenerating neuromasts revealed a striking
spatial compartmentalization of cell behaviors, and we identified
at least three SC populations: (1) self-renewing cells located
adjacent to peripheral MCs in the D-V poles, (2) cells located in
the center and A-P poles that proliferate and differentiate, and
(3) quiescent peripheral MCs that only respond to severe injury.
We determined that the Notch and Wnt signaling pathways
balance progenitor maintenance with hair cell differentiation dur-
ing homeostasis and regeneration (Figures 8A and 8B). The acti-
vation of Notch and Wnt pathways in the center of the NM and
deltaa and wnt2 expression in the poles correlate with these
different cell behaviors. Prior functional tests had determined
that Notch signaling regulates hair cell differentiation via the
downregulation of atoh1a (Itoh and Chitnis, 2001; Ma et al.,
2008).
Importantly, downregulation of Notch signaling in center SCs
also activates Wnt signaling (wnt10a, wnt2), as in murine inner
ear development (Li et al., 2015). In addition, we show that the
Wnt inhibitor dkk2 is a Notch target in center cells beneath hair
cells and that its downregulation after loss of Notch is involved
in the upregulation of Wnt signaling (Figures 3B and 6, rows 6
and 7). The regulation of dkk2 by Notch could be direct because
the humanDKK2 enhancer possesses RBP-Jk binding sites (Ka-
toh andKatoh, 2007). Subsequently,Wnt signaling also activatesnd via a Wnt-Independent Mechanism during Homeostasis and
regenerating NMs. Larva required 1-hr heat-shock pulses at least 12 hr before
pectively, not shown).
d (using the GSK3b inhibitor 1-Azakenpaullone, AZK) and Notch-activated
nicd). All larvae carry the sqet4 transgene. (B) In DMSO-treated, heat-shocked
isions in the center. (C) AZK (3 mM) increases SC proliferation in the D-V poles.
d reduces total proliferation. (E) Activation of Wnt with AZK in hs:nicd larvae
ited Tg(hsp70l:Gal4); Tg(UAS:dkk2-RFP);sqet4, called hs:dkk2, larvae (G). Wnt
ntiating divisions in the center.
ns and increases differentiating divisions in the center.
ns in the poles but leaves differentiating divisions unaffected.
ual and combinatorial manipulations of theWnt and Notch pathways. Error bar
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proliferation non-cell autonomously in polar cells because polar
cells do not show signs of canonical Wnt pathway activation. The
nature of this Wnt-induced signal to polar cells remains un-
known. These data show that the activation of Wnt-induced pro-
liferation and hair cell regeneration is controlled by the prior
downregulation of Notch signaling. Our previous RNA-seq anal-
ysis of regenerating SCs supports this conclusion. After hair cell
death, Notch signaling is transiently downregulated before Wnt
signaling is activated, and we propose that loss of Notch
signaling is triggering regeneration upstream of Wnt signaling
(Jiang et al., 2014).
Expression of Notch Pathway Genes
Notch signaling cannot be equally active in all central cells
because it would prevent hair cell differentiation. To identify cells
that are Notch-active, we performed in situ analyses with candi-
date ligands and receptors. The heterogeneous expression pat-
terns of Notch receptors and ligands in NMs (Figure 3A) suggest
that hair cell differentiation cannot simply be explained by lateral
inhibition, where ligand expression predicts which cells differen-
tiate (Eddison et al., 2000; Kageyama et al., 2008). For example,
deltaa is strongly expressed in NM poles, where no hair cell dif-
ferentiation occurs (Figures 2I and 2J). Recent studies showed
that different ligand/ receptor combinations regulate either pro-
genitor proliferation or cell fate determination in the CNS and spi-
nal cord (Alunni et al., 2013; Okigawa et al., 2014). As a result, the
expression pattern of Notch pathway members is not sufficient
to deduce which cells have active Notch signaling (Perdigoto
and Bardin, 2013; Petrovic et al., 2014).
We therefore relied on the expression of a Notch reporter that
is active in the center and A-P poles. Because of the large num-
ber of ligands and receptors that are expressed in NMs and the
lack of combinatorial mutants, an analysis of different combina-
tions of ligand-receptor pairs and their effect on Notch signaling
and LL cell behavior remains to be performed.
Different Dosages of Notch Affect Differentiation and
Proliferation
An effect of Notch dosage on cell quiescence, renewal, and cell
differentiation occurs in the chick inner ear, mammary epithelial
cells, fly intestine, and pancreatic endocrine progenitors (Perdi-
goto and Bardin, 2013). Such dosage dependency has beenFigure 6. Wnt Controls Proliferation in the Poles but Does Not Affect H
(A) Notch pathway genes are active during homeostasis, whereas Wnt targets ar
(B) Notch inhibition causes activation of the Wnt reporter Tg(6xTcf/LefBS-miniP:
(C) AZK-induced Wnt activation has no effect on HC differentiation markers, suc
(D) LY and AZK combined phenocopy the effects of LY alone.
(E) hs:dkk2 does not affect the expression of Notch pathway genes.
(F) LY-induced upregulation of Wnt target genes is reversed by hs:dkk2 inductio
(G) Increased Notch signaling in hs:nicd larvae enhances Notch reporter express
(H) hs:nicd inhibits the AZK-induced activation of wnt10a (H9) and the Wnt repor
(I–L and N–Q) BrdU plots for primI-derived homeostatic and regenerating sqet4+N
3A and 3F. (I and N) In homeostatic and regenerating NMs, amplifying cell divisio
and differentiate. (J and O) AZK enhances SC amplification in the polar compar
entiation and disrupts the polar compartments. (L and Q) Combined Wnt activ
amplification and differentiation.
(M and R) BrdU indexes of amplifying, differentiating, and total divisions after sing
represents 95% confidence interval.
See also Figure S4.
278 Developmental Cell 34, 267–282, August 10, 2015 ª2015 Elsevieattributed to the fact that different ligands have different abilities
to activate Notch signaling (Ninov et al., 2012; Petrovic et al.,
2014). Interestingly, we also observed a correlation between
Notch signaling strength and different cell behaviors in the
NMs. A higher dose of the Notch inhibitor causes hair cell differ-
entiation as well as induction of proliferation, whereas a lower
dose only affects hair cell differentiation. These results suggest
that different target genes regulate these two processes inde-
pendently. We conclude that cell differentiation is inhibited by
the Notch cell autonomously in center cells of the NM, whereas
the inhibition of the majority of proliferation is mediated via the
regulation of Wnt signaling.
Why Is the Notch-Regulated Restriction of Amplifying
Divisions to the Poles Important?
The significance of restricting amplifying divisions to the poles
and keeping the anterior pole more quiescent than the poste-
rior pole is not apparent. In other tissues, such as the fly
midgut, stem cells are mosaically distributed throughout the
epithelium (Ohlstein and Spradling, 2007). The observation
that Notch signaling is linked to the establishment of mirror-
symmetric planar cell polarity of the two daughter hair cells
may provide an explanation (Lo´pez-Schier and Hudspeth,
2006; Wibowo et al., 2011). A reduction in Notch leads to
hair cell pairs that are polarized primarily in the same direction,
rather than a 1:1 distribution of opposite polarities (Mirkovic
et al., 2012; Wibowo et al., 2011). As such, identifying the sig-
nal(s) that activate the Notch pathway in the NM center,
defining the mechanism underpinning the enrichment of Notch
signaling in the anterior side of the NM and keeping it out of
the poles (Figure 2K) will be quite informative. Likewise, we
also have not yet identified the molecules that may be acti-
vating Wnt signaling in NMs.
Support Cells throughout the NM Are Multipotent
NM support cells are cytologically undistinguishable, raising the
question as to whether all SCs are stem cells, only a few stem
cells are intermingled between progenitor cells, or if stem cells
could be localized in discrete compartments such as the NM
poles.
To regenerate an average of 14 hair cells in a 5 dpf NM,
approximately seven center SCs divide and produce two hairair Cell Differentiation
e absent, with the exception of wnt2 (A8).
d2EGFP) (B7) and Wnt targets wnt2 (B8) and wnt10a (B9).
h as atoh1a (C4), Notch pathway genes (C1–C2), or dkk2 (C6).
n.
ion. Only 20% of neuromast cells express nicd (data not shown).
ter (H7).
Ms. Larvae were treated with DMSO, AZK, 50 mM LY, or AZK+LY as in Figures
ns are clustered in the poles. During regeneration, centrally located SCs divide
tments without affecting HC differentiation. (K and P) LY enhances HC differ-
ation and Notch inhibition disrupts the polar compartments and randomizes
le and combinatorial manipulations of the Wnt and Notch pathways. Error bar
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A B Figure 8. Model of the Molecular Control of
Cell Behaviors during Regeneration
Notch signaling controls tissue homeostasis in the
NM by restricting proliferation and differentiation
through Wnt-dependent and -independent mech-
anisms. During regeneration Notch is transiently
downregulated activating Wnt and proliferation in
the center and D-V poles.
(A) SC amplification (red nuclei) occurs in the D-V
compartments (red cytoplasm) next to peripheral,
green MCs. Amplifying cells express wnt2 and
deltaa. HC differentiation occurs in the central,
Notch+ domain (yellow).
(B) Wnt/Notch signaling interactions. In the center
(outlined in yellow), Notch inhibits differentiation by
inhibiting atoh1a and delta ligands. Notch inhibits
proliferation possibly via cdkn1bb and by inhibiting
Wnt signaling through the activation of dkk2. Wnt signaling activates proliferation of HC progenitors in the center and non-cell autonomously of SC progenitors in
the poles. Themechanisms by whichWnt initiates proliferation in the poles and the roles ofwnt10a andwnt2 have yet to be discovered. Red lines show inhibition,
blue arrows indicate activation, and dashed arrows show indirect, non-cell-autonomous activation of proliferation.cells each, and three to four SCs per pole divide to maintain the
progenitor pool (Figures 2F and S2A). We do not think that
these three to four cells constitute a special population of
stem cells because a downregulation of Notch or ubiquitous
activation of Wnt signaling abolishes the bias of amplifying di-
visions to the poles and posterior side of the NM. Thus, SCs
throughout the NM are responsive to Notch and Wnt signaling
and are capable of either amplifying or giving rise to hair cells.
These findings are strikingly similar to hair follicle and intestinal
stem cells, where the position within the niche determines the
fate of the cells because passive displacement exposes them
to differentiation signals (Ritsma et al., 2014; Rompolas et al.,
2013).
Mantle Cells Are Quiescent but Proliferate in Response
to Severe Injury
Transection of axolotl tails and zebrafish fins causes peripheral
cells to proliferate and migrate onto the regenerating tail tips,
where they form new sense organs (Jones and Corwin, 1993;
Stone, 1937). MCs also give rise to postembryonic NMs, sug-
gesting that MCs are multipotent progenitors (Wada et al.,
2013a). We were surprised that MCs do not react to neo-
induced hair cell death. However, given that inner SC amplifica-
tion and differentiation are balanced during regeneration, a MC
response is not required (Figure 4L). Our finding that MCs re-
enter the cell cycle after more severe damage to the NM sug-Figure 7. Mantle Cells Are Quiescent Stem Cells
(A) Protocol that transforms most SCs into hair cells, followed by neo treatment
(B–G) BrdU incorporation in primI-derived sqet20 NMs at different time points. S
(H) sqet20+ MCs are reduced 10 hr after the second neo treatment but recover b
(I) MC BrdU index (no. of BrdU+, sqet20+ cells/total no. of sqet20+ cells). The pro
neo treatment.
(J) In Tg(cldnb:mKO2-zCdt1), cldnb drives the Cdt1-taggedmKO2 fluorescent pro
DNA replication begins.
(K) The quiescent state of MCs was analyzed 24 hr after the second neo treatme
(L and L0) mKO2-zCdt1 expression is strong in MCs (O).
(M and M0) Treating embryos twice with neo does not affect the quiescent state
(N and O) Depletion of SCs by LY in sqet20;sqet4 larvae causes someMCs to lose
bar represents 95% confidence interval.
See also Figure S5.
280 Developmental Cell 34, 267–282, August 10, 2015 ª2015 Elseviegests that MCs might represent a quiescent pool of progenitor
cells that respond to signals triggered by severe injury. Quies-
cence is characteristic of a variety of stem cell populations in
the liver, hair follicles, intestine, and hematopoietic system (Li
and Clevers, 2010; Tetteh et al., 2015). Alternatively, MCs could
be specialized SCs that only proliferate to maintain the MC
population. We will distinguish between these possibilities by
generating transgenic lines that permit us to lineage-trace prolif-
erating MCs. Interestingly, SC amplification almost exclusively
occurs in cells that are in contact with MCs (Figures S2B–
S2G), raising the possibility that MCs might constitute a niche
for support stem cells.
Conclusion
We report a systematic in vivo analysis of progenitor cell lineages
during homeostasis and regeneration.We also demonstrate how
this approach can be used to investigate the function of signaling
pathways during the poorly understood process of hair cell
regeneration. Our combined methods have allowed us to pre-
cisely identify different progenitor cell types that are restricted
to particular tissue compartments, follow their behavior in real
time, and define a Notch-driven inhibition of Wnt-induced cell
proliferation. These findings set the stage for a detailed charac-
terization of signals that control progenitor cell maintenance
versus differentiation in a vertebrate sensory organ, including
the mammalian inner ear.to test the MC response.
cale bar represents 10 mm.
y 24 hr.
liferation of MCs significantly increases between 10 and 36 hr after the second
tein in NMs. The Cdt1 ubiquitination domain forces degradation of mKO2 once
nt.
of MCs.
mKO2-zCdt1 expression, suggesting that they re-entered the cell cycle. Error
r Inc.
EXPERIMENTAL PROCEDURES
Regeneration Experiments, Time-Lapse Imaging, and Image
Acquisition
To kill hair cells, 5 dpf larvae were treated for 30 min with 300 mM neo in 0.5 E2
(Fisher Bioreagents). Quadruple transgenic fish were obtained by crossing
Tg(cldnb:lynGFP); Tg(cldnb:H2A-mCherry) and sqet20; sqet4. Before neo
treatment, larvae were immobilized with tricaine (MS-222) up to 150 mg/l
(100 ml of 4 g/l tricaine every 20 min for 2–3 hr). Larvae were mounted in 1%
low melting point agarose in 0.53 E2 with 100 mg/l tricaine on glass bottom
dishes (Mat-Tek). Images were acquired at 28C on a Zeiss LSM780 confocal
microscope using a 403 water objective and with appropriate Z-sampling for
three-dimensional reconstruction and 4D stacks. Except for Figure S2, only
primI-derived pL1, pL2, or pL3 NMs were imaged. After neo treatment, single
NMs were imaged every 6 min for more than 70 hr. Three-dimensional
rendering and image analysis of confocal z-stacks of single NMs were done
using Imaris (Bitplane). See the Supplemental Experimental Procedures for
fish lines used and specifics of the cell movement and spatial analyses.
Pharmacological Inhibitors and BrdU Incorporation
The g-secretase inhibitor LY411575 (Selleckchem) and the GSK3b inhibitor 1-
Azakenpaullone (Sigma-Aldrich) were diluted to their desired concentrations in
0.53 E2 media with a final concentration of 1% DMSO. Control larvae were
treated with 1%DMSO. BrdU (Sigma-Aldrich) was diluted to 10 mM in embryo
medium containing 1% DMSO with or without the pharmacological inhibitors.
Heat-Shock Experiments
Tg(hsp70l:Gal4);Tg(sqet4) fish were crossed with either Tg(UAS:myc-
Notch1a-intra) or Tg(UAS:dkk2-RFP). GFP+ larvae were used for proliferation
assays, and in situ hybridization was performed on GFP siblings. To activate
and sustain the expression driven by a heat shock-activated Gal4, 5 dpf larvae
were heat shocked (HS) every other hour (1 hr HS then 1 hr at 28.5C). Before
drug treatments, larvae were HS six times at 39C (first HS at 37C) in a water
bath. After this initial activation, larvae were treated with neo or DMSO and
transferred to E2 medium containing pharmacological inhibitors as described
above. To maintain Gal4-activated expression, larvae were HS every other
hour for 24 hr in a 37C incubator. Larvae were fixed in 4% paraformaldehyde
at 4C for 3 days. Activated Tg(UAS:dkk2-RFP) embryos were sorted after fix-
ation by RFP fluorescence. Tg(UAS:myc-Notch1a-intra) fish were sorted after
anti c-Myc antibody staining.
Immunohistochemistry
BrdU immunodetection was done according to Ma et al. (2008) with the
following modifications: larvae were permeabilized for 15 min using 20 mg/ml
proteinase-K and treated for 1 hr in 2N hydrochloric acid. Antibodies used
were monoclonal rat anti-BrdU (1:500; Accurate Chemical & Scientific), rabbit
anti-GFP (1:500; Invitrogen), and monoclonal mouse anti c-myc (Santa Cruz).
DAPI (Invitrogen) was used as counterstain. BrdU indexes were calculated
as the number of BrdU+ cells over the total NM cell number. We compared
samples by ANOVA and Tukey post hoc tests using the SAS 9.3 statistical soft-
ware. The indexes were transformed using the formula arsin (sqrt(percentage/
100)) to ensure the assumption of normality.
In Situ Hybridization
In situ hybridization was performed as described in (Kopinke et al., 2006) with
modifications as in (Ma et al., 2008). See the Supplemental Experimental Pro-
cedures for probe identities.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures,
five figures, and three movies and can be found with this article online at
http://dx.doi.org/10.1016/j.devcel.2015.05.025.
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